Context: Hypothalamic kisspeptin signaling plays a critical role in the initiation and maintenance of reproductive function. Biallelic mutations in the coding sequence of KISS1R (GPR54) have been identified in patients with idiopathic hypogonadotropic hypogonadism, but it is unknown whether biallelic variants can also be associated with related reproductive disorders.
L oss-of-function mutations in KISS1R (also known as GPR54) have been described in idiopathic hypogonadotropic hypogonadism (IHH) (1, 2), a disease characterized by deficient release of gonadotropinreleasing hormone (GnRH). Despite the importance of kisspeptin signaling in modulating GnRH secretion, coding sequence mutations in KISS1R are relatively rare causes of IHH compared with mutations in other genes associated with the disease (3, 4) . To determine the breadth of reproductive phenotypes associated with KISS1R variants, we examined the coding sequence of KISS1R in .1600 patients with a spectrum of reproductive phenotypes.
Subjects and Methods
All activities were approved by the Partners Human Research Committee. All subjects provided written informed consent.
Subjects (N = 1337 probands) with IHH were referred to the Reproductive Endocrine Unit at Massachusetts General Hospital for participation in genetic studies. Laboratory studies, olfactory testing (40-item University of Pennsylvania Smell Identification Test) (5), and brain imaging (when available) were reviewed to ensure proper medical diagnosis. A questionnaire was administered to all subjects to assess family history and phenotype. Clinical assays were used to measure gonadotropin levels. One radioimmunoassay (in-house tritium assay with World Health Organization external quality assessment; sensitivity: 0.01 ng/mL; intra-assay coefficient of variation, 7.9; interassay coefficient of variation, 10.5) was used from 0 to 9 years; then a second radioimmunoassay (Diagnostic Products Corp., Los Angeles, CA) was used from 10 years on.
Genomic DNA was extracted from peripheral blood leukocytes or cultured lymphoblastoid cells (6) . All exons of KISS1R (NM_032551) and 50 bp of intronic DNA flanking each exon were either sequenced by Sanger sequencing or whole-exome sequencing performed using the Broad Institute's Illumina Capture platform (Cambridge, MA). Rare sequence variants were identified on the basis of a minor allele frequency ,1%, as determined by the Exome Aggregation Consortium (7) database with special consideration for the ethnicity of the patient. All sequence variants were confirmed in a separate polymerase chain reaction assay by direct sequencing.
Of the 1337 individuals, nine probands (eight male, one female) were identified with biallelic rare variants in the coding sequence of KISS1R (eight homozygous, one compound heterozygous). Eight of the nine probands had IHH; however, one proband, the subject of this case report, did not have IHH and is described in Results.
Results
Subject 233 is of Chilean descent, which is consistent with his ethnicity as determined by principal component analysis. He is the only child of nonconsanguineous parents and was born at term. He had normal body weight (3.02 kg) at birth, microphallus (,1 cm) with a normally placed urethral meatus, and bilateral cryptorchidism (inguinal left testis and no palpable mass in the right scrotum or inguinal canal) with a hypoplastic scrotum.
He also had somatic abnormalities, including a higharched palate, clinodactyly, an atrioseptal defect (i.e., ostium secundum with operative closing using a patch at 10 years), and flat feet. The origin of these somatic abnormalities is unknown. However, the boy was noted to have a normal karyotype, no rare sequence variants in KAL, normal olfaction (University of Pennsylvania Smell Identification Test score: 35 of 40), and normal olfactory bulbs by brain imaging.
At 2 months, the boy had low testosterone (13 ng/dL), with a luteinizing hormone (LH) level of 2.9 mIU/mL and follicle-stimulating hormone (FSH) level of 1.9 mIU/mL (Fig. 1). [For comparison, the normal range of testosterone levels in Chilean infant males has been reported to be 60 to 230 ng/dL (8) .] The subject underwent a human chorionic gonadotropin (hCG) stimulation test with a normal testosterone response (pretest level, 13 ng/dL; posttest level, 240 ng/dL). The subject was subsequently treated with testosterone enanthenate (75 mg/mo for 3 months); his penile length increased to 1.7 cm.
Subject 233 underwent further treatment throughout childhood. At 1 year and 6 months, he received hCG (1000 IU twice weekly for 3 weeks), which caused partial descent of the left testis into the scrotum. He underwent right orchidopexy at 2 years and 5 months and left orchidopexy at age 4 years. He received additional testosterone treatment for microphallus at 3 years (50 mg/mo for 3 months), 7 years (75 mg/mo for 3 months), and 10 years (100 mg/mo for 3 months) ( Figs. 1 and 2 ).
Beginning at 10 years, laboratory studies demonstrated the initiation of reproductive hormone secretion (Fig. 1) . At 10 years and 9 months, a GnRH stimulation test showed FSH predominance suggestive of early puberty (LH level pretest, ,1.0 mIU/mL; at 30 minutes, 2.0 mIU/mL; and at 60 minutes, 2.0 mIU/mL; FSH level pretest, 1.0 mIU/mL; at 30 minutes, 8.0 mIU/mL; at 60 minutes, 12.0 mIU/mL). At 10 years and 11 months, Figure 1 . LH, FSH, and testosterone levels of subject 233. Arrows indicate age at exogenous testosterone administration. Values below the assay limit of detection were plotted at the assay limit of detection. results of an hCG stimulation test showed a marked increase in testosterone levels (pretest, 21 ng/dL; posttest, 700 ng/dL), demonstrating mature hormonal response at the level of the Leydig cell.
The patient began experiencing erections and ejaculations at 13 years and 14 years, respectively. By age 13 years and 2 months, he reached a testicular volume of 10 mL and continued to grow such that by 17 years and 3 months, his testes were 20 mL and his phallus length was 7.3 cm (Fig. 2) . He had a semen analysis at age 19 years with a volume of 1.3 mL and 5.8 million sperm/mL. Subject 233 fell short of his midparental target height; his height plateaued at age 14 years.
Subject 233 later underwent screening of 14 genes associated with IHH, which revealed a rare homozygous missense variant (NM_032551:c.890
This variant has a frequency of 0.02315% (i.e., one in 4320) and is not present in the homozygous form in the Exome Aggregation Consortium database (7) . A R297L mutant construct was shown to lead to a modest but significant reduction in kisspeptin-dependent Ca ++ mobilization in vitro (9). R297L had an increased halfminimal effective concentration (7 nM) compared with wild type (3.2 nM), with a maximal activity of 85% of the wild type. Both unaffected parents carried the same mutation in a heterozygous form.
Discussion
Despite increasing understanding of adolescent puberty, the mini puberty of infancy remains poorly understood. Mini puberty in male infants is characterized by robust secretion of gonadotropins and testosterone between 1 and 3 months of age (10) . Although a fetus' hypothalamicpituitary-gonadal cascade is thought to be active during the second half of gestation (11), the mini puberty has been suggested to be critical for further genital growth and neurobehavioral development (10, 12) .
Loss-of-function variants in KISS1R were initially identified in patients with hypogonadotropic hypogonadism (1, 2). Two case reports have also described KISS1R variants with an abnormal mini puberty (9, 13) . Taken together, the literature appears to support a role for kisspeptin as a powerful stimulus of GnRH-induced LH secretion across reproductive life.
The current index subject challenges the notion that mini puberty and adolescent puberty are equally dependent on kisspeptin signaling. Subject 233 had an abnormal mini puberty, as evidenced by low testosterone levels; however, he underwent normal timing of adolescent puberty. The discordance between the mini puberty and adolescent puberty demonstrates that the functioning of GnRH neurons in mini puberty may be more sensitive to the integrity of kisspeptin signaling compared with the functioning of GnRH neurons during adolescent puberty.
Previous reports have documented discordance between the mini puberty and adolescent puberty outside the setting of KISS1R mutations. The gene NROB1 encodes an orphan nuclear hormone receptor superfamily and, when mutated, can cause adrenal hypoplasia congenita, a disease associated with IHH. However, newborn males with adrenal hypoplasia congenita have a normal mini puberty, as evidenced by normal serum gonadotropin and testosterone levels. Although NROB1 is biologically distinct from KISS1R, both genes point to the disparate mechanisms involved in mini puberty and adolescent puberty (14) .
It is noteworthy that the subject case in this report displayed clinical features including clinodactyly, flat feet, and a high-arched palate. Many such syndromic features have been associated with Kallman syndrome and have not been observed in patients with homozygous loss-offunction mutations in KISS1R. The etiology of the syndromic features observed in subject 233 is not clear and a separate underlying genetic defect cannot be excluded.
In summary, this report demonstrates diversity in the phenotypic expression of biallelic KISS1R mutations and demonstrates that such mutations can be associated with absent mini puberty but with normal onset of adolescent puberty. Furthermore, this report suggests that although pubertal activation of the hypothalamicpituitary-gonadal cascade requires kisspeptin signaling, even more robust kisspeptin drive is necessary for activation of the cascade in infancy.
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